Conditions experienced during early development may affect both adult phenotype and performance later during life. Phenotypic traits may hence be used to indicate past growing conditions and predict future survival probabilities. Relationships between phenotypic markers and future survival are, however, highly heterogeneous, possibly because poor-and high-quality individuals cannot be morphologically discriminated when developing under good environmental conditions. Sub-optimal breeding conditions, in contrast, may unmask poor-quality individuals in a measurable way at the morphological level. We thus predict stronger associations between phenotype and performance under stress. In this field study, we test this hypothesis, experimentally challenging the homeostasis of great tit (Parus major) nestlings by short-term deprivation of parental care, which had no immediate effect on nestling fitness. The experiment was replicated during two subsequent breeding seasons with contrasting ambient weather conditions. Experimental (short-term) stress affected tarsus growth but not residual mass at fledging, whereas ambient (continuous) stress affected residual mass but not tarsus growth. Short-term stress effects on tarsus length and tarsus fluctuating asymmetry were only apparent when ambient conditions were unfavourable. Residual mass and hatching date, but none of the other phenotypic traits, predicted local survival, whereby the strength of the relationship did not vary between both years. Because effects of stress on developmental homeostasis are likely to be trait-specific and condition-dependent, studies on the use of phenotypic markers for individual fitness should integrate multiple traits comprising different levels of developmental complexity.
INTRODUCTION
Morphological traits, comprising the phenotypic endpoints in organisms with determinate growth, reflect environmental conditions experienced during growth and may predict long-term fitness consequences of suboptimal developmental conditions (Lindström, 1999; Naguib & Gil, 2005) . Morphological changes as a result of adverse conditions during development are considered to be primarily caused by a disruption of developmental homeostasis (i.e. an organism's property to adjust itself to variable conditions such that phenotypic variation is decreased) (Lerner, 1954) . Canalization decreases phenotypic variation between environments (Waddington, 1959) , and compensatory growth and developmental stability decrease variation within an environment in trait size and developmental noise, respectively (Nijhout & Davidowitz, 2003; Sibly & Calow, 1986; Van Valen, 1962) . Relationships between phenotypic indices of homeostasis and measures of environmental stress and individual quality are typically heterogeneous (Bjorksten, Fowler & Pomiankowski, 2000) , possibly because developmental rate and stability may remain unchallenged under (near-)optimal conditions (Lens et al., 2002; Van Dongen, 2006) . Under this hypothesis, relationships between environmental stress, phenotypic development, and indices of quality and fitness are expected to be weak or absent under favourable environmental conditions, but stronger under more stressful ones.
To test this hypothesis, we mildly challenged homeostasis of great tit (Parus major L.) nestlings by experimentally depriving nestlings from receiving parental care during a short period, and measured the effects on phenotypic development and phenotypic endpoints during two subsequent breeding seasons with contrasting weather conditions. Stress effects were measured on morphological traits that have been shown to reflect individual phenotypic quality (often linked with post-fledging survival, NaefDaenzer et al., 2001) : tarsus length as a linear measure of body size (Garnett, 1981) , tarsus fluctuating asymmetry (FA) as a measure of developmental instability (Polak, 2003) , residual mass as a measure of lipid reserves (Merila & Svensson, 1997) , and developmental stage as a measure of growth rate. Post-fledging survival and reproductive success during the subsequent breeding season were quantified as measures of individual fitness.
MATERIAL AND METHODS

STUDY SITE AND MODEL POPULATION
The study was conducted between 2003 and 2005 in a free-living population of Great tits in Northern Belgium (51°08′N; 4°32′E). The study site comprised a number of forest fragments with a high nestbox density of nine nest boxes per hectare in most plots subsequent to 1993; for details, see Nour, Currie, Matthysen, Van Damme & Dhondt (1998) . The challenge experiment was carried out in three central plots (KB, LO, and TU), which are dominated by mature oak Quercus robur and beech Fagus sylvatica. We used meteorological data (collected at a weather station at distance of 3 km) to assess weather conditions during May, the main period of nestling development. )], whereas the mean daily temperature was comparable (2003: 14.6 ± 3.1°C; 2004: 13.4 ± 2.3°C; all daily measurements are illustrated in the Supporting Information, Fig. S1 ). Breeding conditions in 2003 were less favourable than in 2004, as was evident from significantly smaller clutch sizes (number of eggs per nest) and lower hatching (proportion of eggs hatched) and fledging success (proportion of young fledging the nest relative to clutch size), and a nonsignificant trend of higher nest losses (Table 1) .
EXPERIMENTAL DESIGN
A total of 42 (2003) and 50 (2004) nestboxes were randomly selected for the experiment. At 5 days, half of the individuals of each nest (random selection) were deprived from parental care during two 150-min periods (afternoon of day 5 and morning of day 6) by transferring them to a transparent non-insulated plastic jar (diameter 15 cm) placed inside the nestbox in the uppercorner close to the roof so that they were not accessible to the parents (Fig. 1) . During each treatment, experimental nestlings, which are not thermoregulating at this age (Perrins, 1979) , did not have access to food or warmth provided by the parents. Because half of the nestlings remained in the nestbox, parental feeding was not interrupted and treatment effects could be tested in a paired (withinnest) design. To assess short-term treatment effects, cloacal temperature (to the nearest 0.1°C) and body mass (to the nearest 0.1 g) of control and stressed nestlings were measured immediately before and after each experiment.
PHENOTYPIC MEASUREMENTS
Body mass, tarsus length, and wing length of control and experimental nestlings were measured 15 days after hatching, as an approximation of the phenotype at fledging. A nestling's developmental stage was assessed from its wing and body feathers, and expressed as the number of days corresponding to the same stage in a standard growth trajectory (i.e. a bird with score 14 on calendar day 15 lagged 1 day behind) (Winkel, 1970) . Body mass was measured with a digital balance to the nearest 0.1 g. Left and right tarsus length were measured between the notch at the back of the intertarsal joint to the bent toes (Svensson, 1992 ) with a digital caliper (0.01 mm). Both tarsus measures were repeated three times at each side. Wing length was measured as the length between the bend of the wing and the tip of the primaries (Svensson, 1992 ) with a ruler (0.5 mm). Because the measurement accuracy of wing length was too low to obtain significant estimates of fluctuating asymmetry (FA) (i.e. exceeding measurement error), only left wings were measured in the remainder of the experiment. Wing feathers are still growing at 15 days, whereas tarsi are fully-grown at this stage (Garnett, 1981; Perrins, 1979 Lens & Molenberghs (1999) . Denominator degrees of freedom were determined using the Satterthwaite method (Van Dongen et al., 1999) . The presence of antisymmetry was analysed by the shape of the distribution of the individual signed FA values because a negative kurtosis indicates the presence of antisymmetry. Tarsus length showed significant directional asymmetry (fixed side-effect: F 1,737 = 32.0, P < 0.0001), with right trait sides being consistently larger than left ones. There was also a significant difference between observers in: (1) mean tarsus length (fixed observer effect: F1,737 = 18.1, P < 0.0001); (2) level of directional asymmetry (observer ¥ side interaction: F1,737 = 43.2, P < 0.0001); and (3) measurement accuracy [different residual variance for both observers: likelihood ratio test (LRT) = 83.8, P < 0.0001]. Measurement error was significantly lower during the second year for both observers (different residual variance for both years: LRT = 79.9, P < 0.0001). These differences in directional asymmetry and measurement error presumably resulted from subtle differences in handling procedure and experience, and were corrected for in the mixed regression model (Van Dongen et al. 1999) . The positive kurtosis of signed FA values (2.5) suggested that antisymmetry was absent, whereas the absence of a significant relationship between tarsus length and tarsus FA (F 1,737 = 0.9, P > 0.3) ruled out size-dependence.
Unsigned FA values were log-transformed to approach normality prior to analysis. Effects of treatment, year, plot, and nestbox on tarsus length, tarsus FA, wing length, residual mass (residual from a regression of body mass on tarsus length), and developmental stage were tested with nested mixed models through a stepwise backward elimination procedure (Neter, Wasserman & Kutner, 1996) . To determine the level of significance of fixed and random effects, F-tests (with Satterthwaite's approximation) and LRTs were used, respectively (Littell, Milliken, Stroup & Wolfinger, 1996) . Probabilities of local survival and recruitment were analysed with stepwise backward logistic regressions models (Neter et al., 1996) applying LRT tests for random effects and type III general estimations equations tests for fixed effects, also taking the dependency of the observations within nestboxes into account (Liang & Zeger, 1986) . Variation in reproductive success (clutch size and fledging success) was modelled by a Poisson model for count data and a logistic regression (Neter et al., 1996) . All statistical analyses were performed using SAS 8.1 (SAS Institute Inc.), and Bonferroni correction for multiple testing was applied when appropriate (Rice, 1989) .
RESULTS
Fledglings showed lower residual masses and slower development (i.e. earlier developmental stage 15 days after hatching) in 2003 than in 2004, whereas no between-year differences were found in wing length, tarsus length, and tarsus FA (Fig. 2, Table 2 ). Postexperimental body mass and body temperature significantly differed between nestlings of experimental and control groups (repeated measures analysis of variance: F 1,661 = 29.8, P < 0.0001 and F1,33 = 184.3, P < 0.0001, respectively). Whereas experimental birds did not statistically change weight during the experiment (-0.02 ± 0.01 g), on average, control birds gained 0.31 ± 0.03 g. Experimental birds lost on average 15.2 ± 0.9°C during the experiments, whereas no significant change in body temperature was observed in control birds (-1.3 ± 0.6°C). There was no significant difference in nestling mortality measured at day 15 between experimental and control groups Table 2) .
Out of a total of 720 fledglings, 108 (15%) were recaptured at least once after fledging, including 63 breeding recruits. Recapture probabilities were significantly higher in the 2004 cohort (18%) than in the Table 3 ). Heavier fledglings (with higher residual body mass) had a higher probability of recapture in both years, whereas the recapture rate was negatively related with hatching date in 2004 only (Table 4) (Table 4) . However, recapture rates were not significantly related to tarsus FA in either year, independent of treatment (Table 4) .
Out of 720 fledglings, 63 (8.7%) recruited into the breeding population during subsequent years. This probability was significantly higher in the 2004 cohort (11.1%) than in the 2003 cohort (5.4%) (Fisher's exact test: P = 0.007; Table 3 ). Although stressed fledglings, on average, had a lower probability of local recruitment, this difference was not statistically significant (Fisher's exact test: P = 0.2; Table 3 ). Heavier fledglings and those that hatched earlier tended to show higher local recruitment rates (c 2 = 2.9, d.f. = 1, P = 0.08 and c 2 = 3.7, d.f. = 1, P = 0.05, respectively). However, variation in the latter was not explained by developmental stage, tarsus length or tarsus FA (all P > 0.2). Clutch size and fledging success of local recruits in their first breeding season did not differ between treatments, nor was it related to their morphology at fledging (all P > 0.1).
DISCUSSION
This 2-year field experiment investigating the effects of mild disruption of developmental homeostasis of great tits allowed a comparison of the associations between phenotype and performance between highly different breeding conditions. Rates of nest loss during 2003 were the highest recorded in our study area subsequent to 1993, most likely as a result of heavy rainfall. Clutch size, hatching-and fledging success were also lower than average, possibly as a result of lower caterpillar availability during parental feeding (Keller & Noordwijk, 1994; Perrins, 1979) . During 2003, a combined nutritional-temperature stress treatment to great tit nestlings resulted in shorter and more asymmetric tarsi in the stressed group, but did not affect residual mass and postfledging survival (confirming that the experimental treatment challenged homeostasis without directly affecting fitness). When breeding conditions were more favourable during 2004, the developmental stability of nestlings was unaffected by experimental stress. The absence of a difference in post-fledging Only significant or relevant factors (the nested random effect and main effects if present in an interaction) are retained, wheras all other interactions were initially included and eliminated in a stepwise backward procedure because nonsignificant. P-values are Bonferonni corrected for the number of traits considered, and F-tests are of type III with Satterthwaite's correction. *P < 0.05, **P < 0.01, ***P < 0.001. NS, not significant; LRT, likelihood ratio test. 'Recaptured' implies that the fledgling was recaptured at least once during the next year. 'Local recruitment' refers to fledglings found breeding within the study population in the subsequent year.
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survival should be treated with some caution given the relatively limited sample size, and the fact that any possible effect might have been masked by condition-mediated dispersal outside the study area (Massot, Clobert, Lorenzon & Rossi, 2002) or sexrelated dispersal (Matthysen, Adriaensen & Dhondt, 2001) , given that nestlings were not sexed. The mediating effects of ambient conditions on the developmental rate and developmental stability of great tits under experimental stress treatments are in accordance with the results obtained from experiments with brood size (Gebhardt-Henrich & van Noordwijk, 1991) and ecto-parasite load (Fitze, Tschirren & Richner, 2004) , and support the hypothesis that variation in ambient conditions may cause heterogeneity in FA-stress relationships inferred from controlled field experiments (Lens, Van Dongen, Kark & Matthysen, 2002) . By contrast to our expectations, however, nestling tarsus FA was not negatively related to subsequent local survival and recruitment, nor were relationships between tarsus FA and fitness stronger during adverse ambient conditions. Although the statistical power of these analyses may be limited, the results obtained do not confirm the hypothesis that stressful conditions during development can 'unmask' poor quality individuals, but rather are in accordance with the premise that FA-fitness relations are generally weaker than stress-FA relations (Gangestad & Thornhill, 2003; Palmer, 1999) . In general, the results obtained in the present study suggest that the developmental complexity of a trait may predict its degree of canalization, compensatory growth, and/or developmental stability (i.e. traits with less complex growth trajectories appear to be less strongly canalized but developmentally more stable). The effects of adverse ambient conditions on residual mass and developmental rate, but not on tarsus length or tarsus FA, are in accordance with the low level of variation in skeletal development commonly measured in avian populations, possibly because complex developmental mechanisms render skeletal growth more canalized (Starck, 1993) . By contrast, the extent of fat reserves, comprising the main source of variation in residual body mass (Merila & Svensson, 1997) , was less strongly affected by developmental interactions and, hence, more sensitive to environmental conditions (e.g. great tits are known to build up body mass more rapidly when developing under unfavourable conditions; Gebhardt-Henrich & Van Noordwijk, 1994) . Although this may explain the phenotypic effects of ambient stress in our experiment, the question remains as to why deprivation of parental care affected the length and asymmetry of fully-grown tarsi when breeding conditions were poor, but not their residual mass or developmental rate. One possible explanation is that complex mechanisms associated with skeletal growth may internally constrain regulatory processes (Kunz & Ekman, 2000) and hamper compensatory mechanisms (i.e. accelerated growth after a period of growth retardation; Sibly & Calow, 1986) under poor ambient conditions. Whether or not avian tarsi exhibit compensatory growth, however, remains equivocal. In Corvus corone (Richner, 1989) , P. major (Gebhardt-Henrich & van Noordwijk, 1991; van Noordwijk, Van Balen & Scharloo, 1988) and Parus montanus (Thessing & Ekman, 1994) , compensatory growth appeared to be absent because full-grown tarsi were shorter after suboptimal development, whereas Birkhead et al. (1999) did show compensatory growth in the tarsus length of the zebra finch using different rearing diets. Fat reserves, in contrast, can more easily be altered (Haftorn, 1992) such that early developmental perturbations can be expected to be compensated for during future growth. Because the effects of stress on developmental homeostasis are likely to be trait-specific and conditiondependent, future challenge experiments should involve multiple traits that comprise different levels of developmental complexity and be performed under a gradient of ambient conditions. 
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